At the heart of systems chemistry lies the idea that supramolecular interactions can give rise to complex and unexpected collective states that emerge on a fundamentally different lengthscale to that of the interactions themselves (1, 2). While in certain cases-e.g. the self-assembly of virus-like polyhedral cages from coordination building blocks (3)-it is possible to control emergence in a systematic manner, the development of general approaches remains a fundamental challenge in the field (4). In the conceptually-related domain of frustrated magnetism-where collective states give rise to exotic physics of relevance to data storage and spintronics-the task of predicting emer-1 arXiv:1601.01664v1 [cond-mat.mtrl-sci]
tions can give rise to complex and unexpected collective states that emerge on a fundamentally different lengthscale to that of the interactions themselves (1, 2) . While in certain cases-e.g. the self-assembly of virus-like polyhedral cages from coordination building blocks (3)-it is possible to control emergence in a systematic manner, the development of general approaches remains a fundamental challenge in the field (4) . In the conceptually-related domain of frustrated magnetism-where collective states give rise to exotic physics of relevance to data storage and spintronics-the task of predicting emer-1 arXiv:1601.01664v1 [cond-mat.mtrl-sci] 7 Jan 2016 gent behaviour is simplified through control over the geometry and form of the magnetic interactions from which complexity arises (5) . Seeking to combine approaches from these two fields, we study here the solid phases of inorganic polymer chains assembled from non-magnetic gold(I)/silver(I) cations and cyanide anions. We show the periodic inter-chain potential encodes a supramolecular interaction that can be tuned to mimic different magnetic interactions between XY spins ("spin rotors"). Because the chains pack on a triangular lattice, the crystal structures of gold(I)/silver(I) cyanides can be interpreted in terms of the phase behaviour of triangular XY magnets. Complex magnetic states predicted for this family-including hidden quadrupolar order and emergent spin-vortex quasiparticles (6)-are realised for the first time in the structural chemistry of these cyanide polymers. In this way we demonstrate both how simple inorganic materials might behave as structural analogues of otherwise-unrealisable "toy" spin models, and also how a theoretical understanding of those models might be used to predict and control emergent phenomena in chemical systems.
The existence of conceptual mappings between complex magnetic and structural states of matter has long been appreciated (7) . Arguably the most famous example is the low-temperature magnetic state of "spin-ice" Ho 2 Ti 2 O 7 (8) , in which tetrahedral spin clusters adopt a "twoin-two-out" arrangement geometrically related to the orientation of water molecules in cubic ice (9) . This mapping results in the same characteristically-large configurational entropy for both systems (10) , and even relates their excitations: the magnetic "monopoles" of spin ices and the Bjerrum defects of cubic ice are different manifestations of the same geometric defect (11).
Ice-like states are just one example of complex matter, and much of the field of frustrated magnetism is concerned with the extraordinary diversity of phases accessible through different 2 specific combinations of lattice geometries, pairwise interactions, and effective degrees of freedom (12) . As in systems chemistry, the interest is very often in collective or emergent states where a system develops order on new length scales or evolves new degrees of freedom distinct to those of the individual components (13) . This interest is not only academic: topologicallyprotected emergent spin vortices in the skyrmion phases of chiral ferromagnets offer a possible mechanism of ultra-dense data storage (14) , and monopole quasiparticles in spin ices may yet be exploited in the emerging field of "magnetronics" (15) .
A natural question is whether chemical analogues might explore the same general phase space as frustrated magnets, perhaps allowing the realisation of systems that are difficult to access when considering magnetic interactions alone. For example, there are few magnetic systems that are strictly two-dimensional in nature, because some degree of interaction in a perpendicular direction usually persists (16). Chemical analogues offer a neat solution to this problem: one-dimensional polymers can behave as single collective objects, such that the interactions between them are strictly two-dimensional. In this way, aggregates of polar polymer chains have provided some of the first physical realisations of the canonical triangular and square Ising lattices (17, 18, 19) and have been used to generate complex collective states based on geometric frustration (20) . Other aspects of mapping between magnetic and chemical states may prove more difficult to achieve. By their very nature, chemical systems lend themselves most naturally to discrete degrees of freedom-e.g., the switching of charge states, atom positions, or orbital orientations (7, 21, 22, 23) -and so it is not yet clear that many of the complex phases that require continuous degrees of freedom are actually accessible in a chemical context (24) .
We proceed to establish a mapping between the structural chemistry of gold(I)/silver(I) cyanides-compounds usually studied for their unusual thermal expansion behaviour (25, 26, 27 )-and triangular magnets with continuous (XY) degrees of freedom, but first introduce the crystal structures of AuCN and AgCN themselves. In both cases, the transition metal cations are coordinated in a linear fashion by two cyanide ions, with each cyanide ion bridging two cations in turn (28) . Contrary to initial reports (29) , it is now established that there is no long-range order in the orientation of the cyanide ions for either system, so that both structures consist of essentially the same linear -M-(CN)-M-chains of atoms (25, 26 (30, 31, 32) ) are sufficient to overcome electrostatics in AuCN but not in AgCN, so providing a qualitative understanding of the different structure types adopted (27, 33) . By associating the relative height z j of each M-(CN)-M chain with a phase angle θ j = 2πz j , we can map these structures onto triangular arrangements of XY spins S j = S(cos θ j , sin θ j ). In both cases each chain or spin has a single degree of freedom which is periodic in z j or θ j , respectively. The spin arrangements that correspond to the AuCN and AgCN structures are shown in Fig. 1 Our study begins by asking whether it is purely coincidental that these chemically-simple transition metal cyanides adopt structures that map onto the canonical XY triangular magnets?
We have already highlighted the clear relationship that exists between the lattice geometry and effective degrees of freedom in both cases, but to answer this question properly we need to The similarity to the spin Hamiltonian for the XY triangular (anti)ferromagnet
is striking (here, i, j index neighbouring spins, and ∆θ ij describes the angle between spins i and j) and suggests that we can understand the structural chemistry of both cyanides in terms of XY spins that interact via an effective nearest-neighbour exchange constant
for AuCN it is because J < 0 that its crystal structure maps onto the ground state of the XY triangular ferromagnet (J XY < 0); conversely, the positive value of J for AgCN explains why its structure is related to the ground state of the XY triangular antiferromagnet. We note that in both cases the effective exchange energies are larger than k B T under ambient conditions and orders of magnitude larger than in conventional magnetic systems. Quantum mechanical calculations of the chain self-interaction potential give the trend shown in Fig. 3(c) . This energy profile takes a more complex form than for the homometallic cyanides in part because of the Ag/Au alternation and in part because this alternation is coupled to CN orientational ordering. In simplifying the function E(∆θ) it is now appropriate to consider the first two Fourier components, so as to account for the difference in average metallophilic and electrostatic interactions (each with periodicity ∆θ = π) as well as the difference in homometallic and heterometallic interactions (periodicity ∆θ = 2π):
≡ J 1 cos(∆θ) + J 2 cos 2 (∆θ).
This approximation is poorest at the highest-energy region of the interaction potential, but accounts reasonably well for the overall shape near the energy minimum, the more critical feature The relevant magnetic system is now the so-called bilinear-biquadratic (BLBQ) XY model, characterised by the spin Hamiltonian
where we have subsumed the dependency on spin magnitude S within the J n . In practice, the BLBQ model is most frequently used to describe S = 1 systems (38, 39), with J 1 and J 2 terms quantifying the strength and nature of dipolar and quadrupolar interactions, respectively. For XY spins, the thermodynamic phase diagram is known from theory (6); the particular combination of J 1 , J 2 values determined above corresponds to a complex "nematic" state in which dipolar disorder is coupled with (hidden) ferroquadrupolar order [ Fig. 3(d) ]. To the best of our knowledge, this state has never been realised in a physical system (16, 38, 40). The implication for the structure of Ag 1/2 Au 1/2 (CN) is that chains should align to bring metal cations in registry with one another, but with a preference for unlike Ag. We interpret these configurations as non-equilibrium approximations to the computationallyinaccessible finite-temperature (equilibrium) spin structure. The corresponding structural model for Ag 1/2 Au 1/2 (CN), represented in Fig. 3(f) , finally yields an X-ray diffraction pattern with the correct variation in both intensity and peak widths [ Fig. 3(b) ]. Consequently we can be confident that this model-which is the first ever to reproduce the experimental diffraction pat- While we have focussed on interpreting the structural consequences of this mapping between supramolecular and magnetic interactions, there is of course scope for drawing similar parallels between excitations and/or the response to external stimuli (T, p, H, . . .) of both systems (47) . Are the screw dislocations we observe pinned or mobile, for example? Can temperature or pressure be used to vary the relative strengths of the different exchange parameters? There is cause here for optimism: a preliminary investigation of the high-pressure behaviour of AgCN (see SI) suggests slow transformation to an AuCN-structured polymorph that might be rationalised in terms of an inversion of J eff as argentophilic interaction energies increase more rapidly with decreasing inter-chain separation than the electrostatic contribution (∝ r −6 vs r −1 ) (32). Given the even more delicate balance of competing energy terms observed in Ag 1/2 Au 1/2 (CN) and the accessibility of extensive chemical substitution (27) , variable-temperature/pressure studies of the heterometallic cyanides likely offer an especially fruitful avenue of future research. In general, one might expect that kinetics will play a greater role for supramolecular analogues of frustrated magnets than in the magnetic systems themselves, given that the effective exchange energies involved are typically larger by one or two orders of magnitude. On the one hand, this has the likely advantage of stabilising the most interesting phases to ambient conditions-as is necessary, for instance, if topological states are actually to be employed in room-temperature data storage technology. But, on the other hand, the key disadvantage will be the difficulty faced in interpreting phase behaviour in terms of equilibrium models, which are arguably the mainstay of the field of frustrated magnetism. The presence of multiple local minima in the self-interaction potential (e.g. as seen in Fig. 3(c All calculations were performed in the density functional theory approach with localised basis sets, using the CRYSTAL14 software (48) . We used all-electron Triple-Zeta Valence with Polarisation basis sets for C and N atoms (49), an energy-consistent relativistic 19-valence-electron pseudopotential and corresponding valence basis set for Ag (50) , and an effective core potential for Au (51) . The shrinking factor of the reciprocal space net is set to 8, corresponding to 65 reciprocal space points at which the Hamiltonian matrix was diagonalised. The total energy obtained with this mesh is fully converged.
We used the PBEsol0 global hybrid exchange-correlation functional (52, 53) : of the exchangecorrelation functionals benchmarked on the bulk structures of AgCN and AuCN, it gave the best agreement with experimental lattice parameters. Similarly, we investigated the effect of empirical dispersion corrections (in the Grimme scheme (54)) and showed that they did not change the conclusions reached (i.e. the relative stability of the different structures studied). However, because the Ag-Ag and Au-Au interatomic distances in this study are close to the cutoff of the empirical correction, their inclusion might introduce non-physical behaviour in the energy profiles. As a consequence, all results presented here were obtained without any empirical correction for dispersion.
X-ray powder diffraction calculations
X-ray powder diffraction patterns were calculated using CrystalDiffract software. Peak shapes were modelled using a Gaussian function of empircally-determined width 0. 
